considered an embarrassment. That era has passed and the present sense is that a convict origin is more a badge of honour and establishes the true pioneers. Graeme laver's great grandfather (Jonas laver) was a draper and grocer; at the age of 23 years he was found guilty of stealing one sheet, one pillow and one blanket and was convicted by the Central Criminal Court of london to be transported for seven years to the penal colony in Sydney. Jonas arrived in Port Phillip via Hobart on 9 November 1846, having been pardoned en route on 10 June. He married mary ann Fry, an independent free immigrant. Graeme's paternal grandfather, William adolphus laver, was the fourth of seven sons born to mary ann Fry. William adolphus laver showed remarkable musical ability and at the age of 16 years earned the opportunity to study violin in the Hoch Conservatory of music in Frankfurt, Germany. Jonas laver had died when William was 16 years old. William was accompanied to Germany by his mother, his two younger siblings and a close family friend, Otto Jung. it is noteworthy that William adolphus is also included in the family tree of Otto Jung! Otto Jung became the guardian of the three boys after mary ann laver's death in Frankfurt am main. William laver's musical career flourished; he was admitted to the intimate circle surrounding Brahms and was the student chosen to attend the first performance of Wagner's Parsifal. Subsequently William became an authority on Wagner. William returned to melbourne and established himself as a private teacher and married one of his students, agnes Grant macintyre robertson. William was a distinguished musician; he was Professor of music at the University of melbourne Conservatorium, conducted the melbourne Symphony Orchestra and was associated with the leading musicians of the time, including Fritz Kreisler. after retirement he moved to his retreat, eothen at Kinglake* in the victorian alps (North of melbourne) and lobbied for the preservation of the australian Bushland. William was instrumental in having thousands of acres of Crown land at Kinglake designated a national park. the eARly yeARs Graeme laver's father (laurence-'lol') was the eldest of four children of William and agnes. lol was also an accomplished musician (a pianist) and was sent to Germany in his early teens with his sister, violet (Pag). However, he did not have the ability to turn music into a lucrative career and after returning to australia he became a potato farmer at Kinglake. in 1928 lol laver married the local schoolteacher madge Trounson. William Graeme laver was born in 1929 and his sister Corelle in 1931.
Graeme spent the first eight years of his life on The Oaks, a potato farm near Kinglake. He was schooled at home by his mother and had free range of the surrounding bushland-at an early age he was taught how to treat a snakebite with a tourniquet and razor blade. His job was to carry the snakebite kit in his lunch box. They trapped rabbits, and Graeme learned to tan the skins.
Graeme's grandfather William (the distinguished musician) believed that immersing a child in classical music at an early age was the best introduction to music. Graeme was a quick learner with a prodigious memory, and his grandfather believed he had another musical virtuoso in the family.
To William's chagrin, Graeme at the age of five years looked his grandfather in the eye and said, 'i hate music'. William was nonplussed, and his prophesy was: 'i predict that our little Graeme will go far in life.' Graeme later told colleagues that what he disliked most were the 'little lord Fauntleroy' outfits he wore to attend the symphony concerts. instead of music Graeme loved the outdoors and had a passion for discovering things. He began his career in chemistry at home in Kinglake making stink bombs to throw at his sister. His concern as a child was that everything would be discovered before he grew up.
in the Great Depression of the early 1930s the potatoes at Kinglake rotted in the bags while people in melbourne went hungry. The family was forced to sell The Oaks and they moved to melbourne, where lol made a living as a music teacher and examiner. On moving to melbourne, Graeme was enrolled in ivanhoe Church of england Grammar School. During the great poliomyelitis epidemic of the late 1930s Graeme, his sister and two cousins were evacuated back to the grandparents' home, eothen in Kinglake, where again they were home schooled. No one in the family caught polio, and the family had free range of the bushland.
after supporting Graeme through grammar school in the Great Depression of the 1930s, his parents told him that he then had to support himself. at ivanhoe Church of england Grammar School Graeme found chemistry most interesting and through a close friend was introduced to Henry Holden, a scientist at the Walter and eliza Hall institute (Hall institute), melbourne's leading medical research institute at the royal melbourne Hospital. Graeme finished high school at 16 years of age and when Henry Holden's technician contracted tuberculosis and was off work for a year, Graeme was offered a job as a 'bottle washer' and general laboratory helper at one shilling per hour. Thinking he had achieved his life's ambition, Graeme jumped at the opportunity, accepted the position and enrolled in evening courses at Swinbourne Technical College in melbourne. He soon realized that to become a scientist and obtain a laboratory of his own he would have to attend university and would first have to matriculate (examination required to attend the university). To achieve this goal, Graeme enrolled in night classes while working at the Hall institute during the day and passed the required examinations in two years.
Graeme enrolled as a part-time student at the University of melbourne, working as a laboratory technologist during the day at the Hall institute and attending classes at night. as he was a part-time student it took him 11 years to graduate in chemistry. it was during this time that Graeme was first introduced to influenza while working as a technologist with the leading australian biochemists Gordon ada and alfred Gottschalk. macFarlane (later Sir macFarlane) Burnet FrS, director of the institute, had focused research at The Hall institute on influenza.
at this time the haemagglutinating property of influenza-the ability of influenza virus to agglutinate red blood cells of many species (for example chicken, human and horse) had just been discovered by George Hirst in 1942. When the agglutinated red cells were allowed to warm up the virus came off (eluted) and the red blood cells could not be reagglutinated by that influenza virus. This meant that the influenza virus had an enzyme that removed the receptors from the red blood cells; this was called receptor destroying enzyme (rDe). it was Burnet's passion to characterize the substrate for the enzyme.
alfred Gottschalk was given the task of characterizing the substrate for the enzyme by using inhibitors of haemagglutination found in egg white that lost inhibitory activity after incubation with influenza virus. Graeme was given the job of isolating the putative inhibitor (ovomucoid) from egg white. He found that ovomucoid was not an inhibitor of haemagglutination but that ovomucin, a second protein in egg white, was the haemagglutinin (Ha) inhibi-tor and rDe substrate that Gottschalk was after, and he isolated and purified it from egg white. This was in fact Graeme's first significant discovery about influenza and assisted Gottschalk in eventually characterizing the enzyme on influenza as a sialidase.
macFarlane Burnet became Graeme's scientific hero and inspired him to focus on a career in scientific research. One of Graeme's jobs with Gordon ada was to purify the recently discovered rDe from the medium in which Vibrio cholerae had been grown. Graeme was successful in purifying the enzyme, which crystallized as long thin crystals. in retrospect he realized the importance of this discovery, because it was the first crystallization of sialidase. These studies on the sialidase of V. cholerae-now commonly sold as rDe-probably formed the basis for Graeme's lifelong fascination with crystals, leading much later to the crystallization of the neuraminidase (Na)-the sialidase present on influenza viruses.
after finishing his BSc in chemistry in 1954 at the University of melbourne, Graeme moved to the Biochemistry Department with victor Trikojas and became a full-time student, being supported as a demonstrator. He completed an mSc in two years on the characterization of the proteolytic enzymes of the endocrine gland. Trikojas was impressed with Graeme's research abilities, and on the completion of the mSc arranged a Commonwealth Scientific industrial research Organization (CSirO) overseas scholarship for Graeme to study with albert Neuberger FrS at St mary's Hospital in Paddington, london, in the Department of Organic Chemistry and Biochemistry. in the course of two years he completed his PhD thesis and published four papers on the chemistry and biochemistry of porphyrin biosynthesis.
Graeme claimed that his highly successful and enjoyable two years in london working on haem biosynthesis was facilitated by his willingness to go and collect chicken blood at the east end abattoir while other students were too squeamish. His enthusiasm for going into the field combined with his superior laboratory skills were some of the factors that set Graeme apart from the rest. the inFluence oF the GReAt outdooRs Graeme laver's love of the australian bushland and the outdoors started in his formative years on the potato farm in Kinglake and served as the basis for expeditions to China and to the Great Barrier reef, combining science with adventure and outdoor living (figure 1).
as an undergraduate Graeme's passion after becoming a scientist was the great outdoors and mountaineering. While at melbourne University he spent as much time with the mountaineering club as he did in learning science. He wrote detailed records of trips to Wilson's Promontory in Southern victoria with David laver and Bruce Graham in December 1947. Before 1950 western Tasmania was largely an unexplored wilderness with unclimbed mountains and never-visited lakes, and most of the area was covered with impenetrable dense scrub. in 1949 he participated in an 18-day expedition to reach Hanging lake on Federation Peak. They finally broke through to the lakes and trod where no one had ever been. This awesome expedition, he claimed, mapped out what he wanted to do with the rest of his life. His later skills at organizing great scientific meetings came from these adventures.
Through the mountaineering club in melbourne Graeme met his wife, Judy Cahn, daughter of audrey Cahn of the Department of Nutrition at melbourne University. Judy graduated in microbiology from melbourne University; they married two years before moving to london, where Judy worked as a microbiologist at Paddington Hospital.
During their two years in london the lavers continued their outdoor adventures and after buying a Standard Family 10 saloon car from Standard/Triumph motors london in 1957 they drove from london through Belgium, Holland, Denmark, Germany, Sweden, Finland and arctic Norway to the northernmost town in the world, Hammerfest, then down the arctic highway through the rugged mountains of southern Norway to Germany and back to london-a distance of 5610 miles in five weeks.
after Graeme had completed his PhD in two years with Neuberger at St mary's Hospital in london it was time for the lavers to return to australia. instead of flying or travelling by ship they decided to drive across country to australia through europe, Turkey, iran, afghanistan, Pakistan and india. Their friends thought they were quite crazy but they put in new spark plugs, took a spare fan belt, tyre and tube and packed everything into the back of the car-which was only accessible from the back seat-together with spare cans of petrol and water. They camped along the way and had great roads until after Belgrade, when the road conditions deteriorated. Petrol supply was the great worry, and 144 miles short of istanbul they were down to the last few drops and none of the garages had any petrol. Their luck held when an attendant drained some old drums and came up with about one gallon of dirty petrol-enough to get them to istanbul. in istanbul at a traffic light a bus ran into the side of the car, badly denting the doors, and from then on the door on the passenger side would not open. along the way through eastern Turkey near eczurum they were stopped by the police, were not allowed to camp and were escorted to a hotel (10 shillings per night). They were given a military escort through wild and sparsely populated country to the Turkish-Persian border, 10-15 miles from mount ararat. in Persia the road further deteriorated, and the automobile association guide described it as 'little more than a track across the plain'. On entering Persia they were hit with violent thunderstorms and torrential rain, and a rear shock absorber came apart. a local lorry driver fixed this for them and they forded wide rivers because there were no bridges. Flooded rivers and warnings of bandits were counterbalanced by the lavers' being welcomed by local people and treated to local hospitality. One memorable feast was recalled-after gnawing on the leg of a camel as the guests of honour they were presented with the eyeballs! On this occasion the chief of the village developed terrible indigestion and Graeme gave him indigestion pills from their medical kit. They worked like magic. in return they were escorted through his region with guards with rifles squeezed into the back seat of their tiny car on top of their baggage.
Qum to Zaheden (the last town before the Persia-Pakistan border) was the hardest part of the trip, with scorching midsummer (July) temperatures making travel between 11 a.m. and 4 p.m. impossible, because the shade temperature was 110 °F and above. The road was often covered in sand drifts and the car was often stuck, but by letting out half the air from the tires they made progress, although slowly. On two occasions they were hopelessly stuck; one time road workers pushed them out, and the other time a bus full of people got them onto the road. after pushing them out, two bearded afghans climbed into the back seat and curled up on top of their baggage; they had to be 'talked' out to rejoin the bus.
Other highlights of the trip were finding a border guard after the lonely inhospitable afghan Pass to open the chain across the road into Pakistan. in loralai (Pakistan) they were guests of a tribal king. For the next 60 miles the road was little more than a rough track strewn with large boulders and the need to cross innumerable creek beds. apart from the danger of robbers, the main concern was mechanical failure: the sump took a thrashing on sharp rocks and was badly dented, but held up. apart from a few shepherds, who all carried rifles, the only other traffic on the track was lorries always travelling in pairs with their own gun crews. They were lucky and made it through to lahore (Pakistan); the only defence they had was a tear-gas pistol. From lahore to Delhi and to Bombay (now mumbai) the roads were good but clogged with people, dogs, chickens, sacred cows, water buffaloes and village meetings in the middle of the road. Then they travelled by ship (HmS Strathnauer) to melbourne, arriving on 7 September 1958. Their battered little car was the pride of the Standard motor Company. the eARly yeARs At AustRAliAn nAtionAl univeRsity (Anu) Because Graeme was supported by a CSirO scholarship during his PhD studies in london, he was expected to return to australia and work with that organization. Having worked at the Hall institute in melbourne with influenza virus experts, he had hopes of finding a job in virology. at the end of his PhD period in london the australian Scientific liaison Officer in london informed him that he was sorry that CSirO had no job for him. actually, Graeme was relieved and on arrival in Bombay he found a letter from Frank Fenner FrS waiting for him at the post office, offering him a position as a microbiologist in the newly opened John Curtin School of medical research at aNU in Canberra.
although he did not fully appreciate at the time the great opportunity being offered, Graeme accepted the position and so had the opportunity to set up his own laboratory, choose his research project and be funded by the federal government with no need to apply for grants. Fenner had suggested working on pox viruses with Wolfgang (Bill) Joklik, but Graeme returned to his first love and decided instead to work on influenza. He recalls that in 1958 'not much was known about the structure of the virus. it was known that it kept changing and that vaccines were problematic'. Stephan Fazekas de St Groth, a Hungarian count who had immigrated to australia to work with the Burnet group at the Hall institute in melbourne on influenza, had recently moved to aNU. Fazekas was working on the neutralization kinetics of influenza viruses, and i (r.G.W.) was his then current graduate student.
in 1959 influenza vaccines for humans were rather crude: the virus was grown in the allantoic cavity of the 10-day-old chicken embryo, was concentrated, inactivated with formalin and standardized for the Ha content (by chicken cell agglutination), and a preservative was added. The vaccine was far from pure, as it contained impurities from the egg, contaminating bacterial by-products (toxins) and non-purified influenza virus (figure 2a). The vaccines were not well accepted by the general public and were especially toxic to younger children. The attitude of the public was that the vaccine was worse than a mild dose of influenza. Part of the toxicity was associated with the intact influenza virus particles that overstimulated the immune system, causing local inflammation and a rise in temperature. Other laboratories had reported that disrupting the virus with ether reduced the toxicity. Graeme's initial studies on influenza viruses were aimed at determining the number of viral proteins, and he tried to dissociate the viral particles with ether. This strategy was only partly successful, so he used his chemical knowledge about the influenza virus's lipid content and reasoned that a mild detergent would be suitable for dissociation. This proved to be the case: the influenza virus was completely disrupted with the mild detergent sodium deoxycholate.
The resulting subunits were tested in about 300 rabbits, provided by Fenner from his myxomatosis studies for toxicity and immunogenicity in comparison with whole virus. The influenza subunit vaccine was non-toxic and immunogenic in comparison with whole inactivated vaccine, which was immunogenic but induced high fever in the rabbits. Subsequent studies in children gave similar results, and deoxycholate-based subunit vaccines for influenza were still being produced by the Commonwealth Serum laboratories in australia in 2009. The process was patented by aNU, and the inventors were paid 10 shillings each for the rights. later the university returned 10% of the earnings to fund collaborative influenza virus research. Studies with robin valentine of the National institute of medical research in london determined the morphology of Ha and Na and their clusters in rosettes (figure 2b).
Solving the problem of toxicity of influenza vaccines comes at a price: the vaccine is less immunogenic. in the present era, with a need to produce sufficient influenza vaccine for the world's population, it is necessary to use the minimal effective dose of vaccine-referred to as antigen sparing. vaccines based on whole inactivated influenza require less antigen than those containing only subunits, because whole virus provides its own adjuvant properties. Thus, the influenza vaccine manufacturers of the world are tooled up to make the less efficacious subunit vaccines that are not reactogenic. There is really a need to produce two types of vaccine, one for children (subunits) and one for adults, because in adults intact influenza vaccines are tolerably reactogenic. The development of novel adjuvants (substances that potentiate the immune response) (mF59 and aS03) for use with subunit vaccines has decreased the amount of antigen needed. it is somewhat ironic that solving the problem of influenza virus toxicity created a problem of reduced immunogenicity and decreased the number of doses of vaccine that could be produced from each embryonated egg! communicAtions australia is often considered to be at the end of the earth-an optimal place to send convicts! in australia in the 1950s there was a sense of isolation from the rest of the world, because written communications were slow and telecommunications were expensive. To cope with this problem, aNU had a very generous sabbatical leave system providing six months' leave with travel every four years. Graeme laver used this system to establish networks of communication in england, europe and the USa with the leading influenza laboratories. at a meeting in the USa in the early 1970s Graeme was approached by an official from the National aeronautical Space administration (NaSa), asking him if he had use for a satellite for free communications. The satellite was located over the Pacific Ocean and had been superseded by others, so it was of no further use to NaSa. each afternoon at a set time Graeme, using a two-way radio, would speak with colleagues in the USa and discuss ongoing joint experiments. The Overseas Telecommunications Commission (OTC) of australia became concerned that this kind of communication was setting a precedent that might be adopted by business concerns and could affect their profits. The OTC offered to replace the satellite communication with a free telephone line; this provided global telephone communication and the only requirement was to provide a record of calls and report on the quality of OTC communications. This communication system lasted until the early 1990s: by the time that OTC wanted to charge for the line, e-mail had become available.
AntiGenic dRiFt And shiFt in inFluenzA influenza is caused by an rNa virus of negative polarity with a segmented genome of eight pieces. Because the viral rNa-dependent rNa polymerase has no proofreading mechanism, errors are introduced during replication. The resulting accumulation of mutations means that the virus population exists as a quasi-species. These errors introduced during replication enable the virus to change the amino acid in the regions on the spike glycoproteins normally recognized by the immune system of the host and thus escape from inactivation by the immune system. This process of antigenic drift is responsible for the need to change the strains of influenza used in the vaccine at regular intervals and is monitored by a global network of laboratories under the auspices of the World Health Organization (WHO).
in addition to antigenic drift, the segmented nature of the genome enables influenza viruses to reassort their genomes after mixed infection. infection of a host cell with two different influenza a viruses can result in 256 different combinations of the eight gene segments. This kind of variation can cause major changes in antigenic and biological properties and is referred to as antigenic shift. These antigenic shifts can result in global outbreaks of influenza known as pandemics.
in the early 1960s, when Graeme laver started working on the structure of influenza viruses, little or nothing was known about the composition of the virus or about the mechanisms involved in antigenic drift and shift. What was known was that influenza was a lipidcontaining rNa virus that was extremely variable. in 1952 the WHO had established a network of laboratories to monitor the antigenic variation and make decisions on changes in vaccine strains.
The explanation for the antigenic shift and for the emergence of pandemic influenza virus in the early 1960s was that antigenic shift was simply an exacerbated period of extensive antigenic drift or that critical mutations might have altered the folding of the Ha to expose novel antigenic determinants. after the emergence of the Hong Kong H3N2 pandemic influenza virus in 1968, Graeme used peptide mapping to compare the Has of the newly emerged H3N2 virus with those of the preceding H2N2 virus. He found a vast number of differences in the peptide maps, indicating there was no way in which the H3 virus could have arisen from H2 virus by mutation (3)*. antigenic drift in influenza viruses results from the continuing accumulation of random mutations at the nucleotide level, and when they result in coding changes in amino acids in the antigenic domains on the viral proteins the changes allow the virus to escape from immunological control, resulting in the selection of a variant population. To mimic antigenic drift, swine influenza virus was grown in the presence of antisera made essentially monoclonal by partial adsorption with homologous antigen. virus grown in the presence of this serum was antigenically distinct, and peptide mapping showed that the Has were almost identical except for one or two peptides that had shifted positions (1). This provided the first biochemical evidence that antigenic drift occurred by mutation in the Ha. Subsequent studies with monoclonal antibodies against the Ha showed that escape mutants had single amino acid changes in defined regions (epitopes) on the Ha, permitting antigenic mapping of the Ha molecule. electron microscopy studies of these antibodies with isolated Ha in collaboration with Nick Wrigley established that the antibody-binding sites were on the outer tip of the Ha molecule.
chinA, 1972
at irregular intervals, pandemics of influenza arise to which the human population has little or no immunity. in the early 1970s there was no knowledge about the source of these new pandemic strains. What was known was that the two immediately preceding pandemics had apparently originated in China. in February 1957 the H2N2 asian pandemic strain appeared in Kweiyang (Kweichow Province, Southern China) and in July 1968 the H3N2 Hong Kong strain was first isolated in Hong Kong. Peptide mapping experiments in Graeme laver's laboratory in Canberra indicated that both the light and heavy chains of the Hong Kong 1968 Ha polypeptides were vastly different from those of the preceding H2N2 strains circulating in 1967, suggesting that it was unlikely that the 1957 H2N2 Ha could have given rise to the 1968 H3N2 viruses by direct mutation. Further experiments showed that the light polypeptide chain of the H3N2 Ha was almost identical in peptide maps with the light polypeptide chains of a/Duck/Ukraine/63 and with those of a/equine/miami/2/63. Graeme and i postulated that the Hong Kong 1968 virus might have been derived by genetic reassortment between an avian or animal influenza virus (encoding the new H3 molecule) and the previous human H2N2 virus (encoding the N2 molecule).
in early 1972 a group of australian medical Scientists (physicians, surgeons, dentists, public health officials and others) were working with the Chinese medical association to establish scientific contact. Graeme contacted the WHO, requesting support to go to China and explore the hypothesis that human pandemic influenza viruses originate from influenza viruses in lower animals and birds in southern China. laver and i had requested permission to bring reagents (inactivated influenza virus, reference influenza antiserum and sample tubes) to China. The WHO supported the mission, and the australian organizers were very surprised when the Chinese medical association approved the visit and gave permission for us to import reagents and sampling vials.
although the group of 17 medical personnel from australia was visiting at the invitation of the Chinese medical association, this was not considered an official delegation and was arranged by the China international Travel Service. During the period of 9 September to 4 October 1972 the group entered China from Hong Kong and went first to Kwangchow (Canton). From there the delegation journeyed north to Shihkiachwang, Peking, Tientsin, Shenyang, Darien, Shanghai and Hangchow. Throughout the whole tour we were met with enthusiastic friendliness, not only by the officials guiding us but also from the hospital staff and especially by the virologists we met. most of the australian medical group concentrated on acupuncture and its use for anaesthesia during major surgery. We concentrated on aspects of traditional Chinese medicine and on discussions with virologists. We were hugely impressed when Dr Chu (Chu Chi ming) and his staff met us at the Beijing railway station at 4 o'clock in the morning to welcome us to the city. We spent a whole day visiting the National vaccine and Serum institute (Department of Biological Products), where we were each invited to give lectures followed by extensive discussion. Dr Chu had been trained in Cambridge and london, and he and his staff were very well informed about influenza-the Chu inhibitor of influenza Ha is named after him.
We were somewhat concerned that our hypothesis that human pandemics of influenza arise from lower animals in China might have been considered a slight to our hosts in China. There was open discussion and no hostility, and we were greatly relieved. Dr Chu told us that the asia 1957 H2N2 virus was first isolated from outbreaks of influenza in humans in 20 counties in west Kweichow province between February and march 1957. The general consensus among the 40 or so virologists at the meeting was that the asian 1957 H2N2 virus was not derived from an animal source but arose by mutation from the late H1N1 strains. Dr Chu described a group of 'bridging' strains that he had characterized, which he believed shared reactivity with both the late H1N1 and the early H2N2 viruses. We were delighted when Dr Chu shared these two viruses with us (a1/loyang/3/57 and a1/loyang/4/57) as well as a recent influenza B virus (B/Hunan/2/71). We shared the reference monospecific antisera to the Ha and Na of human, swine and equine influenza with Dr Chu and his colleagues. These influenza viruses were subsequently shared widely with the influenza community through the WHO. We later found that the a1/loyang was sensitive to inhibitors, and that after treatment of serum to remove all inhibitors they were in fact H1N1 viruses.
We were told that the first Hong Kong H3N2 virus was not isolated in mainland China until august 1968, suggesting that the virus was first isolated in Hong Kong in July. in discussions with virologists in multiple centres, including Dr Ching in Shenyang medical College (where we had also shared reference reagents), the opinion was that influenza, although important, was not of major medical concern in China in 1972. There was no National influenza Center in China then, but the 10 million doses of live adapted Hong Kong/68 H3N2 vaccine for humans was produced by the Beijing institute. There was no acceptance of the role of lower animals in the origin of pandemic influenza virus of humans, but after a superb dinner in Shihkiachwang with many 'gambays' with mai Tai we were allowed to bleed one pig. later studies showed antibodies against a/Pr/8/34 (H1N1) in the pig serum.
We were some of the first Western influenza virologists to visit China after the revolution and were greatly impressed by the willingness of Chinese scientists to share influenza viruses and information. Whether our visit played any part in the release of information about the re-emergence of the H1N1 virus a/USSr/90/77 (H1N1) in northern China in 1977 or the eventual acceptance of the hypothesis of an animal origin of pandemic influenza, we cannot ascertain. We do know that there were multiple exchange visits of scholars from China to our laboratories, and in November 1982 a meeting, 'The Origin of Pandemic influenza viruses', was held in Beijing, sponsored by the institute of virology of the Chinese academy of medical Sciences and the australian National University (5).
the nAtuRAl ReseRvoiRs oF inFluenzA viRuses
Because peptide mapping experiments documented that antigenic shift in influenza viruses could not be explained by mutation, an external source for the virus was considered. influenza viruses-now designated classical swine influenza H1N1-had been isolated from pigs by (FrS 1939) and Sir Patrick laidlaw FrS in london. in 1937 Francis and magill showed that influenza viruses could be isolated from humans by inoculation of the chorioallantoic membrane of the developing chicken embryo, and in 1940 Burnet showed that amniotic inoculation and later allantoic inoculation supported influenza virus replication. influenza virus was isolated from horses in Czechoslovakia in 1956 (a/equine/1/Prague/56) and also from domestic ducks (a/Duck/Czechoslovakia/56). Thus a zoonotic (animal-originated) source of influenza virus had been established, and in 1955 Werner Schafer of Germany showed that the lethal infection of chickens known as fowl plague was caused by an influenza virus.
Dr Bela Tumova from Czechoslovakia had isolated an influenza virus from domestic ducks and horses in 1956, and in conjunction with Helio Pereira (FrS 1973) from mill Hill at the National institute of medical research in london and martin Kaplan of the WHO was searching for the source of influenza viruses that causes periodic pandemics. influenza virus had been isolated from dead terns (Sterna hirundo) in South africa (a/Tern/South africa/61 (H5N3)) and during a walk on the coast of New South Wales in australia in the early 1960s Graeme and i found the beach littered with dead mutton birds (wedge-tailed shearwaters, Puffinus pacificus). Because the mutton birds nest in burrows on barrier islands off the coast of australia and New Zealand, Graeme decided that it would be 'a bit of a joke' to test birds on the Great Barrier reef for influenza. Gordon ada, then Chairman of the Department of microbiology at aNU Canberra, said Graeme must be hallucinating if he thought the department would fund studies on wild birds on the Great Barrier reef. martin Kaplan of the WHO put up $500, which was a substantial amount of money in 1969. The first trip to Tryon island about 50 miles off the Queensland coast in the Capricorn Bunker Group of islands provided evidence of antibodies in the sera of the mutton birds ( figure 3 ). Using Ouchterlony-type gel diffusion plates right there on the reef and testing the bird sera against disrupted influenza virus, Graeme obtained faint precipitin lines. Because gel diffusion detects predominantly antibodies against the ribonucleoprotein common to all influenza a viruses, the question was which of the influenza subtypes had infected the mutton birds. most investigators at that time would have opted to use haemagglutination inhibition (Hi) to determine the subtype of influenza virus. However, Graeme, with his lifelong interest in Na, opted to use a Na inhibition assay and, as he explained, it was like trying to pick the winner of the melbourne Cup (australia's premier horse race) because there are nine different Nas from which to choose. He opted to test against the N2 Na of human asian 1957 reference strain H2N2 and had an immediate winner. Graeme and his research assistant C. a. Dasen found that 18 of the 320 mutton bird sera had antibodies against the human H2N2 influenza Na (2). This meant that these birds had at some time in the past been infected with an influenza virus, and it justified further studies of birds on the Great Barrier reef to isolate the virus. The first influenza virus was isolated from a wedge-tailed shearwater on Tryon island in 1972, and additional influenza viruses were isolated from black noddy terns (Anous minutus). One of these viruses, isolated from a noddy tern caught by adrian Gibbs, was the 70th cloacal swab of that trip and yielded a new influenza virus, which possessed a novel Na (N9) that subsequently provided superb crystals for structural studies of the Na (figure 4). it is noteworthy that none of the birds from which the influenza viruses were isolated had any detectable disease signs and that the virus was isolated from cloacal swabs as well as from throat swabs. These studies established some of the first principles of influenza virus ecology: that influenza viruses are perpetuated in apparently healthy wild aquatic migratory birds and that the virus is shed in faecal droppings. the neuRAminidAse oF inFluenzA viRuses as a lad right out of high school, Graeme began his laboratory work at the Hall institute in melbourne with Gordon ada purifying the sialidase of V. cholerae, so it is perhaps not a surprise that he decided to work on the sialidase (Na) of influenza virus. He set out to determine the role of the Na in the life cycle of the virus. The available evidence from Dr Joe Seto and Dr rudi rott in Germany at that time was that the Na was probably associated with the release of virus from infected cells (Seto & rott 1966) . Studies with antibodies specific for the Na of influenza virus made in the laver laboratory showed that the antibodies did not prevent infection of susceptible cells but that they prevented the release of newly formed particles. in 1974 this function of the Na was elegantly demonstrated by Peter Palese and colleagues, in electron micrographs of sections of susceptible cells infected with an influenza virus that had a temperature-sensitive Na activity (Palese et al. 1974) . at higher temperatures the influenza virus lacking Na failed to release from the cells and formed as huge clumps on the cell surface. The virus could therefore not spread and infect new cells. This provided the first clue to the possibility of developing an inhibitor of influenza spread (see below). However, at this time nothing was known about the structure of the Na of influenza virus. in 1966 Seto and colleagues had described the release of a low-molecular-mass Na from human H2N2 influenza virus by digestion with the proteolytic enzyme pronase. in typical laver fashion Graeme pooh-poohed the idea that this was a useful method for releasing Na from virus, rationalizing that a proteolytic enzyme would leave the Na glycoprotein all 'chewed up like a dog's breakfast'. Graeme had to eat his words because the pronase simply clipped the stalk of the molecule and released the intact 'heads' of the Na. One of Graeme's major contributions was the crystallization of the 'heads' of the Na released by pronase. He was very excited to find thousands of small square plates when he dialysed the Na heads released from the influenza virus against distilled water after separating them on a sucrose gradient. He immediately told his colleague Gillian air that he had crystallized the Na; she was very sceptical and replied 'you stupid man, you have crystallized salt.' Graeme was certain he had not and claimed to be able to 'rewrite the chemistry book' if that was so! He had indeed crystallized the Na, and his keynote paper appeared in Virology in 1978 (4). resolution of the three-dimensional structure of the Na with Peter Colman and Jose varghese (6) soon followed and paved the way for the design of the first anti-influenza virus drug based on structure. Colman and his colleagues recognized a fundamental property of influenza Nas-that among the nine different subtypes of influenza a Na and also influenza B Na, there were conserved amino acids widely separated on the linear Na polypeptides. When the linear polypeptide was folded into its three-dimensional structure these conserved amino acids lined the walls of a deep cleft or canyon on the top surface of the Na. X-ray crystallography of the Na crystals soaked in the natural substrate, sialic acid, showed that the deep cleft is the catalytic site on the Na molecule and is a common determinant on all influenza a and B viruses. This meant that if this site could be blocked, a single inhibitor would be available against all influenza viruses. This would be highly advantageous because vaccines for influenza have to be updated almost yearly.
Sialic acid, the substrate for the Na, is itself a mild inhibitor of the Na. Palese and colleagues showed that the dehydrated compound, DaNa (Neu5ac2en), is a much better inhibitor of Na than sialic acid and that it inhibited influenza replication in tissue culture, but DaNa failed to prevent disease when tested in animals. mark von itzstein and colleagues, using the three-dimensional structure of the Na, modified DaNa to fit more tightly in the cleft by adding a 4-guanidino group to DaNa. This molecule (4-guanidino DaNa) was a 1000-fold better inhibitor than DaNa and was specific for influenza Na and not for Nas from other sources. 4-Guanidino DaNa was the first antiviral drug that was designed on the basis of the three-dimensional structure and is called zanamivir (marketed as relenza) (von itzstein et al. 1993) .
after Graeme's crystallization of Na in 1970, the next major goal was the characterization of an antibody-binding site on the Na molecule. at the time it was proposed that an igG antibody-combining site consisted of about six amino acid residues. The group had heard that roberto Poljak in Paris was doing essentially the same study with hen egg lysozyme and antibody. So the race was on, with Graeme producing the Na, me producing monoclonal antibody, Colman doing the X-ray crystallography of the antibody-Na complex, and Gillian air doing the amino acid sequencing. The initial screening of monoclonal antibodies identified one, designated S10/1, that produced crystallizable complexes of Na-Fab (the antibodycombining domains of the monoclonal antibody). everything was going well when disaster struck. i went on vacation, the nitrogen freezer alarm failed and the cell line producing the monoclonal antibody was lost. Obtaining another monoclonal antibody that would produce X-ray-quality crystals of Na and Fab proved to be difficult. Consequently roberto Poljak grew crystals of lysozyme complexed with Fab and won the race, although Graeme was quick to point out, 'nobody ever died of lysozyme'. eventually we obtained the structure of the Na-Fab complexes and showed that the epitope of the Na is composed of five polypeptide chains with about 17 amino acid residues in contact with a similar number of residues in the antibody-binding site. This provided the first definition of an antibody-binding site on an infectious agent (7). cRystAls oF neuRAminidAse although the anti-influenza drug relenza, designed on the basis of the structure of the Na, was efficacious against all subtypes of influenza a and B viruses, it was not bio-available. This meant that the drug had to be administered as a dry powder to the respiratory tract. This method of drug delivery was not well accepted by the general public. To develop a version of the anti-Na drug that was orally available, Gilead Sciences worked with Graeme laver. Because the coordinates of the three-dimensional structure of the Na were not publicly available, Graeme became the Na crystal source for many investigators to solve the structure independently. One of his aims was to produce 'the perfect' crystal of Na. He heard that crystals grown in zero gravity were superior to those grown on earth. To get his Na preparations into space he first worked with NaSa and the Space Shuttle, but the time in space was too short for growing crystals. He contacted russian scientists and talked them into sending his material to the russian space station, mir. This was done at about the peak of the Cold War, and both australian and US security organizations (the australian Security intelligence Organisation and the Central intelligence agency) were very concerned about this endeavour. Graeme thrived on the brouhaha that developed; it fitted into his lifelong tendency of 'bumping bureaucrats'. although crystals of the Na were obtained from the space venture, there is some doubt as to whether they were any better than those obtained on earth. The best crystals of Na were from the N9 Na isolated from the noddy tern on the Great Barrier reef (figure 4). Crystals of N9 Na contributed to the development of the orally available Na inhibitor oseltamivir (marketed as Tamiflu), which was until recently the preferred anti-influenza drug and stockpiled in many countries for influenza pandemic preparedness.
The emergence of Tamiflu-resistant H1N1 seasonal influenza viruses throughout the world has raised considerable concern; attention turned back to relenza and also accelerated clinical trials of BioCryst's peramivir, another inhibitor that was designed with the use of Graeme's crystals of Na. The level of concern has been further increased by the emergence of a novel H1N1 from swine that has become the causative agent of the first influenza pandemic of the twenty-first century. The detection of some Tamiflu-resistant pandemic H1N1 2009 influenza viruses has further raised the level of concern about the emergence and spread of resistant H1N1 pandemic viruses, as happened with the seasonal H1N1 viruses. So far the novel H1N1 pandemic influenza virus from swine is susceptible to relenza, and no resistant viruses have yet been detected. Thus the original anti-influenza drug developed in australia has returned to prominence as the preferred drug against the novel H1N1 2009 pandemic influenza virus of swine origin.
Photographs of Graeme's crystals of Na appeared on the covers of many scientific journals, and he and the photographer Julie macklin were awarded the Nikon 'Small World' photography prize in 1987. scientiFic meetinGs Graeme laver had an innate ability to organize superb scientific meetings; this ability to arrange such superior gatherings probably came from his early organization of mountaineering expeditions. He always maintained that a good scientific meeting must be limited in numbers (fewer than 60 persons), be held at optimal times in the development of a subject, be held at interesting places and be fully funded. He organized a total of 11 meetings on influenza, the first being supported by Sandoz at rougement, Switzerland, entitled 'influenza virus-vaccine strategy'. Subsequent meetings were held Baden near vienna, austria; Thredbo, australia; Beijing; london; Kona, Hawaii; Palau, western micronesia (Pango Pango); Cold Spring Harbor; and memphis, Tennessee. The meetings heralded the molecular and structural characterization of the Ha and Na of influenza viruses, the immune recognition of protein antigens, and the emergence and control of pandemic influenza. at the second of these meetings in Baden, devoted entirely to the Ha of influenza, Don Wiley and John (now Sir John) Skehel (FrS 1984) described the first crystals of influenza Ha of X-ray-diffraction quality. Probably the most memorable meeting was the one held at Thredbo in the Snowy mountains of New South Wales, australia, when the sequence of the Ha of influenza virus was being worked on in different laboratories. as the participants arrived they were given a box of amino acid cards and told to post their sequence around the room. The participants were in shock at first but soon 'got with it' and had a lot of fun comparing their sequences and working out possible consequences of the differences (figure 5). The multiple basic amino acids at the cleavage site of Ha1 and Ha2 of fowl plague virus were first seen when alan Porter of G. D. Searle & Co.
could not fit all his amino acid cards into the space of the single arginine residue found in the Na sequence of human influenza viruses.
AWARds And otheR Achievements in recognition of his many contributions to the knowledge of influenza viruses, Graeme laver was elected a Fellow of the royal Society in 1987. in 1996 Graeme, together with Peter Colman, mark von itzstein and Paul Janssen, were awarded the australia Prize in recognition of their contributions to drug development in australia, including the anti-influenza drug relenza (laver, Colman and von itzstein). Graeme's outdoor activities continued throughout his life and were reflected in his ability to mix adventure with scientific endeavour in expeditions from the volcanoes of the rocky mountains of Oregon to the Great Barrier reef of australia. He raised a family in Canberra, australia, and later moved to murrumbateman near Canberra, where he raised beef cattle, grew grapes for wine and fertilized his big vegetable garden with the compost from hundreds of thousands of embryonated hen's eggs used to grow influenza viruses.
Graeme was a strong proponent of the need to prepare for the next influenza pandemic. in his article with elspeth Garman in Science in 2001 (8) he was probably the first to recommend the stockpiling of anti-Na drugs because they would be the first line of defence until a vaccine was prepared. His other recommendation discussed by the Health authority in australia was to have anti-influenza drugs made available over the counter. He argued that drugs should be available immediately without having to get a prescription from a physician. authorities in australia argued that the misuse of the antiviral drug would lead to antiviral resistance. as things turned out, antiviral resistance to Tamiflu emerged in the absence of use of the drug. The recently emerged H1N1 pandemic influenza virus of swine origin is still sensitive to oseltamivir (Tamiflu); as pointed out above, resistant strains have been detected but the virus is still sensitive to relenza. at the royal Society, Graeme participated in two exhibits on influenza, one in 1994 in association with Garry Taylor and elspeth Garman, the other in 2006 with elspeth Garman. These exhibits explained the origin and control of influenza virus, using his vast knowledge of the origin of influenza virus from wild birds to the treatment of clinical influenza in people with the anti-Na inhibitors. These soirée events were highly successful and enjoyed by the participants and the staff, although Graeme's insistence on having four live ducks as part of the 1994 exhibition presented both great interest and several challenges, especially catching them when two escaped while being replaced in their crate.
it was once explained to me that if you have a Hungarian friend you don't need an enemy. Graeme was certainly a close friend, and although he was not Hungarian the analogy applied. He was an absolutely brilliant scientist but was basically 'hard' on people, especially those in authority. He certainly stepped on many toes, which probably explains why he was never elected to the australian academy of Sciences. i believe he refused to send his curriculum vitae when they wanted to nominate him. He did, however, turn up at events there when he felt like it, announcing to the security people that an FrS was automatically allowed in. There was one certainty to working with Graeme-your ideas were often ridiculed before being accepted, and you could never get away with merely accepting conventional thinking. He had an extraordinary ability to get to the heart of a scientific question and to design the direct experiment. He was also famously described as 'a person who poured oil on troubled waters and then set fire to it'.
Graeme died as he lived, challenging the foundations of knowledge and the search for novel approaches. at the age of 79 years he was on his way to the Third influenza Conference in vilamoura, Portugal (14-17 September 2008), when he collapsed en route. The airport authorities at Heathrow airport, london, cleared the airspace to get him to medical attention rapidly. He lived long enough to realize the mayhem he had caused but was unaware that he had terminal abdominal cancer.
Graeme had many international collaborators; he contributed enormously to the 'animal influenza' aspects of the WHO programme on influenza with martin Kaplan and Bernard easterday. His contributions to our knowledge of the structure, origin and methods of control of both seasonal and pandemic influenza are continuing through his multiple collaborators, and our students still read his papers to find out the 'proper' way of working with virus proteins. inteRnAtionAl inFluenzA meetinGs oRGAnized By GRAeme lAveR
